The spinal cord is critical for modifying and relaying sensory information to, and 33 motor commands from, higher centres in the central nervous system to initiate and 34 maintain contextually relevant locomotor responses. 
Introduction 53 54
The ability to interact appropriately with our environment arises, in part, from the 55 capacity of the spinal cord to receive, modify, and relay sensory information and 56 respond to this information via motor commands that produce coordinated movement. 57
Establishing the underlying circuits requires a complex developmental plan that is 58 first laid-down in the embryo, consolidated in the fetus, and modified throughout life 59 to termination and all associated information remained at the clinic. Products of 114 conception (POC) were only obtained from elective terminations, and there were no 115 known abnormalities in our samples. Apart from gestational age (which ranged from 116 10 to 18 weeks), no identifying information was supplied to researchers. Gestational 117 age was determined using three criteria: 1) date of the last menstrual period; 2) 118 ultrasound measurements of crown-rump length (CRL); and 3) foot length (Hern 119 1984). POCs were collected in cold glycerol-substituted artificial cerebrospinal fluid 120 (gACSF) containing (in mM): 250 glycerol, 26 NaHCO 3 , 11 glucose, 2. Spinal cord slices were transferred to a recording chamber and held in place using 138 nylon netting fixed to a U-shaped platinum frame (Fig 1A) . The recording chamber 139 was continually superfused with oxygenated ACSF (4-6 bath volumes/minute) and 140 maintained at near-physiological temperature (32 o C) using an in-line temperature 141 control device (TC-324B; Warner Instruments, Hamden, CT). Whole cell patch clamp 142 recordings were obtained from spinal neurons in either ventral or dorsal horn (VH or 143 DH cells, respectively), visualised using infrared differential contrast optics (IR-DIC 144 optics, Fig 1B) and an IR-sensitive camera (Rolera-XR; QImaging, Surrey, Canada). 145
For VH cells, we deliberately targeted the largest neurons as these are considered 146 presumptive motoneurons (Carlin et al. 2000) . At the end of each recording session, 147 the location of the recorded neuron was documented using still images of the spinal 148 cord while the patch pipette remained in place (Fig 1C) . neurons, we used 50 pA increments, 1 second duration while for higher resistance DH 167 neurons we used 20 pA increments, 800 ms duration. Similarly, the potential for 168 rebound discharge was assessed by hyperpolarizing current steps, -50 pA increments, 169 1 second duration for VH neurons, and -20 pA increments, 800 ms for DH neurons. The amplitude of each AP was measured between threshold and maximum positive 182 peak and AHP amplitude was measured as the difference between AP threshold and 183 the maximum negative peak. AP half width was calculated at 50% of the maximum 184 positive peak and AHP half width was measured at 50% of the maximum negative 185 peak. AHP half width was chosen as a measure of AHP duration as it was often hard 186 to determine precisely when membrane potential returned to rest, especially in tonic 187 firing neurons. spinal cord sections for each of the three age groups is shown in Figure 1 . 215
216
We were able to obtain recordings from VH neurons in all three age groups as they 217
were easily identified and more securely embedded in the spinal cord ( Fig 1B) . In 218 contrast, obtaining patch clamp recordings from DH neurons in spinal cords younger 219 than 16 WG proved to be technically challenging: few recordings were obtained in the 220 10-12 WG and 13-15 WG groups ( Fig 1C, left and middle panels, n = 2 and 1, 221 respectively). Before 16 WG, DH neurons were extremely small, appeared to lack 222 dendrites, and were weakly tethered in the spinal cord neuropil (Fig 1B) . This meant 223 the positive pressure required for successful patch clamp recordings pushed neurons 224 away from the recording electrode, and often ejected them out of the spinal cord slice. 225
Importantly, optimal recordings of VH neurons were obtained in the same slices 226 where these features were observed in DH neurons. Furthermore, none of the small 227 neurons, which dominated in the DH, were observed in the VH at any age. This 228 suggests slice quality was not an issue in achieving adequate patch clamp recordings 229 of DH neurons prior to 16 WG. 230
231

Spinal neurons' capacity to discharge action potentials 232
The capacity of neurons to discharge APs was assessed by injecting a series of 233 depolarizing current steps of increasing amplitude. One of four types/patterns of AP 234 discharge was observed in each recorded neuron (Fig 2A) . Tonic firing neurons 235 discharged APs for the entire duration of the current injection, and increased their 236 discharge frequency with increasing current amplitude. Initial bursting neurons were 237 characterised by a brief, high frequency burst of APs at the onset of the current step. There were notable differences in the capacity of VH and DH neurons to generate 248
APs following depolarizing current injection (Fig 2B & C) . For VH neurons, the four 249 discharge categories were observed at all ages ( Fig 2C) . Tonic firing was the most 250 commonly observed discharge pattern and its incidence increased significantly with 251 age (12/22, 55% at 10-12 WG and 15/23, 65% at 16-18 WG, p = 0.025). This was 252 accompanied by a significant decrease in the prevalence of reluctant firing neurons 253 We next compared the intrinsic and AP properties across the discharge categories for 272 each age group. Although statistics were limited in some instances, we noted several 273 significant differences between certain populations (Table 1) . At all three age groups, 274 tonic firing neurons in the VH displayed more hyperpolarized RMPs compared to the 275 other discharge categories, with greater AP and AHP amplitudes than single spiking 276 neurons at both 13-15 WG and 16-18 WG, as well as initial bursters at 16-18 WG. 277
These differences between tonic firing and single spiking neurons have been observed Responses to hyperpolarizing current injection displayed greater variability in VH 300 neurons than in DH (Fig 3C) and could be compared across the three age groups. 301
Rebound spiking was observed in 17/22 (77%; 10-12 WG) and 10/ however rebound spiking (3/15; 20%) and the extended hyperpolarizing response 309 (3/15; 20%) were also observed (Fig 3B) . Interestingly, the proportions of each 310 response to hyperpolarizing current differed significantly between the VH and DH 311 neurons at 16-18 WG (p=0.01, Fig 3B & C) . These data further emphasise the 312 differences between VH and DH at 16-18 WG and suggest the responses to 313 hyperpolarizing current injection become more variable with age in VH neurons. 314 315
Differences between VH and DH neurons 316
We next compared the intrinsic and AP properties of VH and DH neurons that were 317 capable of AP discharge at 16-18 WG (Fig 4A) . VH neurons had lower input 318 resistances (mean = 341 vs. 664 MΩ, p = 0.05), and higher rheobase currents (141 vs. 319 64 pA, p = 0.29) than DH neurons. RMP was similar (~ -75 mV) in VH and DH 320 neurons (Fig 4A) . It is notable that including all neurons (those that did and did not 321 discharge APs) in the above analysis increased variability and minimised statistical 322 Fig 2B & C) . Spontaneous AP discharge was observed in some neurons 331 (Fig 4B) . In VH, spontaneous activity was observed in all three age groups. 332
Predictably, spontaneous activity was not observed in DH until 16-18 WG, when 3/15 333 (20%) neurons displayed spontaneous AP discharge. The prevalence of spontaneous 334 AP discharge at 16-18 WG in DH was similar to that observed in VH (7/23, 30%, p = 335 0.6). These data provide further evidence that VH neurons develop more rapidly than 336 DH neurons in the human fetal spinal cord. 337 338 AP properties were measured on rheobase APs, that is, the first AP elicited in 339 response to depolarizing current injection (Fig 4C) . AP threshold was similar in VH 340
and DH neurons (~ -53 mV), although AP amplitude (VH; 47.3 ± 3.4 mV vs. DH; 341 29.7 ± 6.7, p = 0.015) and AHP amplitude (VH; -18.8 ± 2.0 vs. DH; -6.5 ±
depolarizing currents contributing to the AP differ between VH and DH neurons. We 347 also found a greater AHP half width (ie, duration at 50% of the maximum negative 348 peak) in VH neurons (VH; 83.1 ± 15.7 ms vs. DH; 25.9 ± 11.0 ms, p = 0.02). This is 349 consistent with the larger AHP amplitude in VH neurons. Taken together, these 350 differences in intrinsic and AP properties imply larger, faster, APs in VH neurons, 351 which is clearly illustrated by the example APs shown in the right panel of Figure 4C . . These values are much lower than those we recorded at 404 any gestational age (Fig 4A and 5A) . Notably, the authors stated "the membrane 405 potential of most cells decayed within 20-40 sec after impalement". In that study the 406 response of neurons to depolarizing or hyperpolarizing current injection could not be 407 
Ventral horn neurons 442
The most comprehensive data investigating the development of intrinsic properties in 443 VH neurons prior to birth comes from rodent studies. In rats, sodium, calcium, and 444 potassium conductances can be recorded in VH neurons at E14, and large 445 overshooting sodium-dependent APs are generated a few days later (Ziskind-Conhaim 446 1988). In respiratory motoneurons, electrical properties including RMP, input 447 resistance, and rheobase current have been shown to change during the course of 448 development (Di Pasquale et al. 1996) . Here, we show similar developmental changes 449 in human fetal VH neurons, with dramatic changes in both intrinsic and AP properties 450 occurring between 10 and 18 WG (Fig 4) . We cannot conclusively determine whether 451 our VH neurons were motoneurons. In early experiments we attempted to fill 452 recorded neurons and then stain for choline acetyltransferase (ChAT) to determine 453 their identity. This could not be achieved, as our spinal cord slices did not survive 454 fixation and subsequent processing. We assume this is due to the lack of connective 455 tissue in the developing nervous system (Weidenheim et al. 1993 ). However, we 456 deliberately targeted large neurons in the VH and so it would be reasonable to assume 457 these were nascent motoneurons. Tonic (or repetitive) firing has long been considered 458 a distinguishing feature of adult spinal motoneurons (Brownstone 2006), however, 459 early postnatal spinal MNs can generate bursting and even single spiking AP 460 discharge patterns in rats (Vinay et al. 2000a ). In our sample of fetal human VH 461 neurons, we observed each of these three discharge patterns (Fig 2B) , suggesting that 462 the electrophysiological profile observed in the human fetus is similar to rodent VH 463 neurons during postnatal development. It appears that the greatest difference between 464 human and rodent VH neurons is when these discharge patterns are expressed. 465
466
Dorsal horn neurons 467
Our recent study examined the intrinsic properties of neurons in DH outer laminae in 468 mice during late embryonic (E15-17) development (Walsh et al. 2009 ). After birth, 469 AP properties continue to mature, with increases in AP and AHP amplitudes and 470 decreases in AP half width, until they exhibit adult-like characteristics at ~P10. AP 471 discharge patterns also changed from predominately single spiking at E15-17 to 472 bursting and tonic firing discharge patterns at P10 (Walsh et al. 2009 ). Although we 473 could only measure AP properties and discharge at one time-point (16-18 WG) for 474 human DH neurons (Fig 4) , it appears they mature much earlier than their rodent 475 counterparts (i.e., in the first vs. latter half of gestation). The predominant discharge 476 patterns observed in human fetal DH neurons were single spiking and reluctant firing 477 (Fig 2C) , similar to that observed in embryonic mice (Walsh et al. 2009 ). In contrast to VH neurons, our study suggests DH neurons are very immature and 508 incapable of discharging APs prior to 16 WG (Fig 2B) . As a consequence, it is 509 unlikely DH neurons are capable of processing sensory inputs before 16 WG. The 510 lack of APs in our study does not necessarily confirm that DH neurons are unexcitable 511 prior to 16WG. However, our findings are consistent with previous anatomical studies 512 on human fetal spinal cords that demonstrate a lack of NeuN staining in the DH 513 despite strong staining in the VH at 10 WG (Sarnat et al. 1998) . Similarly, very low 514
Nissl staining has been observed in the DH at 12-13 WG (Ray and Wadhwa 1999) . In 515 addition, a "sparse" number of sensory axons terminals have been observed in DH 516 superficial lamina as late as 19 WG (Konstantinidou et al. 1995) . However, the 517 authors were unable to confirm whether the lack of terminals in the DH arose from 518 technical considerations associated with DiI transport in small axons or true 519 developmental mechanisms. Nevertheless, the lack of responsiveness of DH neurons 520 in our study (Fig 2) indicates that the components of DH sensory pathways are not 521 fully mature prior to 16 WG in the human. Further evidence suggests that DH circuits 522 develop later than those in the VH come from electron microscopic studies of the 523 procedures that break the skin (Slater et al. 2010b ). These data suggest most 550 components of the pain neuroaxis are fully formed at birth. Importantly, repeated 551 noxious stimulation of the skin can lead to persistent changes in this pathway and 552 result in exaggerated cortical responses to acute noxious stimulation (Slater et al. 553 2010a) . One important question arising from these observations is when does the 554 ascending pain pathway assemble in utero? Recent work using cerebral oxygen 555 changes, as a measure of cortical activity, has shown that acute noxious stimuli (heel 556 lances for routine blood sampling) is transmitted to the somatosensory cortex in the 557 fetus as young as 25 WG (Slater et al. 2006) . Taken together, our study and the 558 available data on cortical processing in the developing human suggest the ascending 559 pain pathway is assembled between 16 WG and 25 WG. 560 561
Major conclusions and future directions 562
This study presents the first data acquired from VH and DH neurons in acute spinal 563 cord slices from the human fetus. We have shown that patch clamp recordings can be 564 made from in situ VH neurons from 10 WG and that at this age they can discharge 565
APs in response to depolarizing current. In contrast, recordings from DH neurons 566 before 16 WG proved to be difficult -we could not record APs in DH neurons until 567
WG. Comparisons made between the intrinsic properties of VH and DH neurons at 568
16-18 WG suggest VH neurons, and VH circuitry, develop weeks before their 569 counterparts in DH. This conclusion is consistent with available anatomical data for 570 the human fetus, which shows peripheral afferents reach the VH and arborize well 571 before they do so in the DH. Our data also have important implications for estimating 572 when the human fetus can experience pain. Neurons in the DH are the first central 573 target for peripheral afferents that carry nociceptive and tactile information. As these 574 neurons are electrically/functionally immature prior to 16 WG it is unlikely that 575 nociceptive information could be processed in the DH and subsequently passed onto 576 
